Lipopolysaccharide (LPS) is an outer membrane glycolipid component of gram-negative bacteria known for its fervent ability to activate monocytic cells, and for its potent proinflammatory capabilities. In addition, LPS triggers the release of cytokines, chemokines as well as cell-cell adhesion molecules. We postulate that LPS may also affect the expression of matrix-binding integrin receptors, thereby modulating cell adhesive functions in monocytic cells.
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INTRODUCTION
The infection of tissues with gram-negative bacteria triggers a cascade of events that help establish inflammation. If left uncontrolled, infection can lead to grave consequences including hypotension, disseminated intravascular coagulation, acute respiratory distress syndrome, multiorgan failure, and death (13) . The pathophysiological mechanisms that aid in establishing inflammation during gram-negative bacterial infection are not entirely understood. It is known, however, that the interaction between bacteria or bacterial products with host cells (e.g., monocytic cells/macrophages, polymorphonuclear cells, and endothelial cells) is one of the first steps involved in the elicitation of host cell-derived factors (e.g., chemokines, cytokines, eucosanoids) responsible for the initiation and amplification of the inflammatory response (13, 28, 32) .
One bacterial product known for its ability to activate monocytic cells during gramnegative bacterial infection is lipopolysaccharide or LPS. Lipopolysaccharides (LPS) are immunogenic glycolipids that make up the outer portion of the outer membrane of gram-negative bacteria (32, 47). There are three major domains that comprise the LPS molecule: Lipid A domain (also known as endotoxin), functions to anchor LPS in the outer membrane and is responsible for the severe systemic inflammatory response associated with severe gram-negative infections; the core domain, made of phosphorylated non-repeating oligosaccharides that help form the outer membrane and to serve as a barrier to antibiotics; and the O-antigen polymer domain, comprised of varying lengths of immunogenic repeating oligosaccharides (32). The stimulatory effects of LPS on monocytic cells appear to be elicited by the binding of lipid A to specific surface receptors expressed by the immune cells termed CD14 (11,31,50,51). Binding to CD14 is facilitated by a specific protein termed Lipid A-binding protein (LBP) produced by hepatocytes in response to cytokines (42, 47, 48) . CD14, in conjunction with LPB and MD-2 accessory protein, presents LPS to a co-receptor (18) . This CD14 co-receptor is a member of a growing family of Toll-like receptor proteins (TLRs) that are responsible for LPS intracellular signaling (18) . Once activated, these receptors trigger a number of host responses by mechanisms that remain poorly defined.
An important aspect of the inflammatory response against gram-negative bacteria is the recruitment of immune cells into the affected tissues. This process is dependent on cell-cell adhesion events that mediate the transfer of immune cells from the intravascular space into the interstitum, followed by cell-matrix events that are responsible for the migration of immune cells into tissues and towards the site of infection (35, 44) . In the absence of cell-cell adhesion events, immune cell delivery to infected tissues is inhibited resulting in unopposed infection. This is observed in children with Leukocyte Adhesion Deficiency, a disease characterized by the absence or malfunction of β2 integrin receptors that mediate the interaction between immune cells and the endothelium (3) . The role of cell-matrix interactions is considered equally important, but the mechanisms that control these processes are inadequately understood (35).
This report explores the mechanisms by which LPS stimulates the adhesion of monocytic cells to fibronectin, a matrix glycoprotein highly expressed in injured tissues (33, 35, 38) . Many of the cellular effects of fibronectin are mediated via the integrin α5β1, a heterodimeric transmembrane glycoprotein capable of signal transduction (33,37,40). The interaction of immune cells with fibronectin not only promotes cell adhesion and migration/chemotaxis, but also cell activation and the production of proinflammatory cytokines (1, 37, 40) . These events are elicited by fibronectin-induced integrin-mediated signals that induce potent transcription factors (e.g., Activator Protein-1 and Nuclear Factor kappa beta) capable of stimulating the transcription of gene products that affect host inflammatory responses (7, 33, 36) . Herein, we demonstrate that LPS can modulate monocytic cell adhesion to fibronectin by affecting the transcription of the α5 integrin gene thereby stimulating the expression of functional fibronectin α5β1 receptors.
METHODS
Reagents. Mitogen Enhanced Kinase-1 (MEK1) inhibitor PD98059 was purchased from New
England Biolabs, Inc., Beverly, MA. The anti-α2 antibody (P1E6; directed to the α2 subunit of the α2β1 integrin), the anti-α5 antibody (PID6; directed to the α5 subunit of the α5β1 integrin), and the anti-β1 antibody (P4C10; directed to the β1 integrin subunit) were purchased from Life Technologies, Inc. Gaithersburg, MD. The anti-β2 antibody (MAB1962) was purchased from Chemicon, Temecula, CA. The anti-CD14 antibody (AB383) was purchased from R & D, Minneapolis, MN. All other reagents were purchased from Sigma Chemical Company (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) unless otherwise specified.
Cell culture and treatment. Human monocytic/macrophage cells from histiocytic lymphoma, U937 (ATCC CRL #1593.2), were maintained in RPMI-1640 (MediaTech, Herdon, Virginia) supplemented with 10% heat inactivated fetal bovine serum, 1% antiobiotic-antimycotic solution (100 units/ml penicillin G sodium, 100 units/ml streptomycin sulfate, 0.25 µg/ml amphotericin B), and incubated in a humidified 5% CO 2 incubator at 37 o C. Human peripheral blood monocytic cells (PBMC) were isolated by elutriation on a polysucrose diatrizoate column (Histopaque 1077) from healthy non-smoking volunteers under sterile conditions as previously described (14) . Cells were judged to be >95% viable by trypan blue exclusion.
Cell adhesion assay. The adhesion of U937s or PBMCs (1 x 10 5 cells) were tested on 96-well fibronectin-coated (50 µg/ml) polystyrene plates as previously described (38). Cells were exposed to LPS (5 µg/ml) for 3 h at 37 o C, washed and added to fibronectin-coated plates. Nonadherent cells were washed from the dishes after 1 h and the remaining adherent cells were quantified by using a colorimetric-type assay that detects the intracellular enzyme hexosaminidase as described by Landegren (1984) (19). To determine the role of the α5β1 integrin in cell adhesion to fibronectin, the cells were pretreated with anti-α5 antibody (PID6, 100 µg/ml), anti-β1 antibody (P4C10, 100 µg/ml), anti-β2 antibody (MAB1962, 100 µg/ml), or a control IgG for 30 min prior to adhesion to fibronectin-coated dishes. 
Removal of LPS. LPS was removed from samples by an endotoxin affinity resin (Associates of
Cape Cod, Woods Hole, MA) following the manufacturers instructions. All samples were tested after LPS removal (30) and determined to contain less than 0.06 ng/ml of LPS which is within the accepted background levels of other endotoxin assays.
Detection of α5 integrin and PKCα by western blot. U937 cells (1 x 10
6 cells/ml) were treated with 5 µg/ml LPS for 48 h (α5 integrin), or for 4 h (PKCα), washed with ice-cold PBS, and lysed in 1 ml of homogenization buffer (50 mM NaCl, 50 mM NaF, 50 mM NaP 2 0 7 -10 H 2 0, 5 mM EDTA, 5 mM EGTA, 2 mM Na 3 V0 4 , 0.5 mM PMSF, 0.01% Triton X-100, 10 µg/ml leupeptin, 10 mM HEPES, pH 7.4) by repeated passages through a 26 gauge needle. V/cm. Gels were fixed in a 10% acid acid/10% methanol solution for 10 min, dried under vacuum and exposed to X-ray film. Radiolabeled DNA-protein complexes were extracted from gels and quantified by scintillation counter.
Statistical evaluation. Means plus standard errors of the mean were calculated for all experimental values. Significance was assessed by ANOVA followed by student's t-test. All experiments were repeated 4-9 times.
RESULTS
LPS enhances U937 and PBMC cell adhesion to fibronectin via α5β1. To determine if
LPS could enhance the adhesion of monocytic cells to fibronectin, U937 cells were exposed to 5 µg/ml of LPS for 3 h and submitted to an adhesion assay using 96-well tissue culture plates coated with fibronectin (50 µg/ml). As shown in Figure 1A , LPS significantly increased (p<0.001) the adhesion of U937 cells to fibronectin. This increase in cell adhesion to fibronectin after LPS treatment was associated with an increase in α5β1 integrin protein in U937 cells as demonstrated by western blot in Figure 1B . Freshly isolated PBMCs also showed a similar increase in the amount of α5β1 integrin protein in response to LPS treatment when compared to non-stimulated control cells ( Figure 1B ). In order to further define the role of the α5β1 integrin in constitutive and LPS-induced adhesion to fibronectin-coated plates, U937 and PBMC cells were pretreated with blocking anti-α5, anti-β2 or anti-β1 integrin antibodies prior to submission to an adhesion assay. As expected, the increased cell adhesion to fibronectin after exposure to LPS was blocked by the anti-α5 and anti-β1 integrin antibodies; however, an antibody against the β2 integrin subunit failed to block the adhesion of cells to fibronectin coated plates as shown in Figure 1C (U937) and 1D (PBMC).
LPS induces the transcription of the α5 integrin mRNA. Because increased adhesion of U937 and PBMC cells to fibronectin after LPS treatment was associated with an increase in the amount of α5β1 integrins present in these cells, Real Time-PCR was used to determine if this coincided with an increase in endogenous mRNA accumulation for the α5 integrin. We found that the increase in the α5 mRNA was both time-and dose-dependent. In Figure 2A , α5 integrin mRNA expression was measured after cells were exposed to increasing doses of LPS, ranging from 500 ng/ml to 10 µg/ml. LPS had the greatest effect on α5 integrin mRNA levels at doses at 37 o C and 5% CO 2 . The cells were harvested and an aliquot of cell extract was used to measure luciferase activity. We observed that LPS indeed induced the transcription of the α5 promoter construct which was maximal at a concentration of 5 µg/ml of LPS and after 20 h of incubation ( Figure 3A ). In order to determine the functional significance of LPS in the induction of the α5 promoter, LPS was removed from the cell culture media using an endotoxin affinity resin. After LPS removal, the media was determined to contain less than 0.06 ng/ml of LPS.
This resulted in a significant inhibition (p< 0.001) of the LPS induced transcription of the α5 gene ( Figure 3B ).
Induction of α5 gene expression by LPS is dependent on protein kinase C activation.
Since LPS has been previously shown to induce the activation of protein kinase C (PKC), we set out to investigate whether its stimulatory effect on α5 gene transcription was mediated by this pathway. First, in support for a role of PKC in LPS-induction of α5, we demonstrated in Figure   4A that LPS treatment of U937 cells enhanced the expression of cPKCα protein which was maximal at 4 h. cPKCα is one isoform of PKC that has been shown to regulate selective LPSinduced macrophage functions involved in the host defense and inflammation response (32). 
Trans-acting factor NF-kappa beta (NF-κB), but not AP-1, is involved in LPS induction
of the α5 promoter. Nuclear binding proteins were isolated from U937 cells stimulated with or without LPS for 20 h and subject to an electrophoretic mobility shift assay using radiolabeled consensus NF-κB and AP-1 oligonucleotides. Data shown in Figure 6A show an increase in the bound NF-κB nuclear protein-DNA complex in cells treated with LPS as compared to control untreated cells. In order to demonstrate DNA-protein binding specificity, non-radiolabeled competitor NF-κB or mutated NF-κB oligonucleotide (50 fold molar excess) was added to the binding reaction. The consensus NF-κB, but not the mutated NF-κB competitor, was able to compete for binding. There was also a slight increase in the bound AP-1 nuclear protein-DNA complex in LPS treated cells ( Figure 6B ). Again, in order to demonstrate DNA-protein binding specificity, non-radiolabeled competitor AP-1 or mutated AP-1 oligonucleotide (50 fold molar excess) was added to the binding reaction. In order to determine if NF-κB binding proteins were involved in the function of transcriptional regulation of the α5 gene, consensus NF-κB competing oligonucleotides were co-transfected into U937 cells along with the pα5(-923bp)LUC promoter and stimulated with or without LPS. Data in Figure 7A confirms that the NF-κB is an important cis-acting element for the LPS induction of the α5 gene since competing NF-κB is able to abrogate the LPS induction. Figure 7B , on the other hand, demonstrates that the AP-1 cis-acting element is not essential for the LPS induction of the α5 gene since it was unable to abrogate the LPS induction. In this report, we explore in detail how LPS stimulates the expression of functional α5β1
receptors. Our studies expand on others demonstrating increased bacterial adherence to fibronectin and endothelial cells in response to LPS (49). We show that LPS treatment of U937s
and PBMCs increases cell adhesion to fibronectin, a process that is likely to aid immune cell tropism into infected tissues. Of note, we find that an antibody against another integrin subunit, Some of the signaling events described above have been shown to induce, among other things, the expression of monocytic genes by activating the NF-κB/Rel transcription factor family. This was found to be true in our system where induction of NF-κB DNA binding by LPS was found to be important for α5 gene transcription. Others have shown in unstimulated monocytes, that NF-κB is retained in the cytoplasm by binding to a family of inhibitors (IκBα,
IκBβ, IκBε). Since LPS induces IKKs activity in human monocytes and THP-1 monocytic cells, it is likely that LPS affects NF-κB activity in more than one way (26).
Implications. Together, our data suggest that the interaction of host monocytic cells to bacterial-derived LPS triggers intracellular signals that stimulate the expression of α5β1 integrin receptors. In view of many demonstrated functions of α5β1 related to cell migration, chemotaxis, and cellular activation, this might represent a mechanism of tissue tropism by which the host enhances its capability of delivering immune cells into tissues during active infection.
However, the unopposed stimulation of these signals might lead to an overwhelming inflammatory response that results in tissue destruction and shock. This is consistent with the idea that it is the host response that initiates endotoxin injury (1, 11, 47 U937 cells (1 x 10 5 cells) were exposed to LPS (5 µg/ml) for 3 h at 37 o C, washed and added to fibronectin-coated (50 µg/ml) polystyrene plates for 1 h at 37 o C. Non-adherent cells were washed from the plates and the remaining adherent cells were quantified by using a colorimetrictype assay that detects the intracellular enzyme hexosaminidase (19). Data are presented as mean ± SD (n = 9). Note that LPS significantly increased the adhesion of U937 cells (p<0.001)
to fibronectin coated plates. B: U937 or PBMC cells (1 x 10 6 cells/ml) were treated with 5 µg/ml LPS for 48 h, washed with ice-cold PBS, and lysed in 1 ml of homogenization buffer. Proteins (100 µg) were separated on a 7% SDS-polyacrylamide gel, transferred onto nitrocellulose, incubated with an anti-human α5 integrin antibody (1:500 dilution) for 24 h at 4 0 C. Beta actin antibody (1:1000 dilution) was used to control for loading. The blots were incubated with a secondary rabbit anti-goat IgG conjugated to horse radish peroxidase, transferred to freshly made ECL solution and exposed to X-ray film. Protein bands were quantified by densitometric scanning using a GS-800 Calibrated laser densitometer (Bio-Rad, Hercules, CA) (n = 4). C:
U937 cells (1 x 10 5 cells) were pre-incubated with anti-α5 antibody (PID6, 100 µg/ml), anti-β1
antibody (P4C10, 100 µg/ml), anti-β2 antibody (MAB1962, 100 µg/ml), or a control IgG (not shown) for 30 min prior to exposure to LPS (5 µg/ml) for 3 h at 37 o C. Cells were added to fibronectin-coated (50 µg/ml) polystyrene plates for 1 h at 37 o C. Non-adherent cells were washed from the plates and the remaining adherent cells were quantified by using the colorimetric-type assay. Data are presented as mean ± SD (n = 9). Note that LPS significantly increased the adhesion of U937 cells (p<0.001) to fibronectin coated plates and that pretreatment with anti-α5 and anti-β1 integrin antibodies blocked this adhesion (anti-α5, p<0.001;
anti-β1, p<0.004). Inset: Standard curve for U937 adhesion to fibronectin-coated polystyrene plates; r = 0.996. D: PBMC cells (1 x 10 5 cells) were pre-incubated with anti-α5 antibody (PID6, 100 µg/ml), anti-β1 antibody (P4C10, 100 µg/ml), anti-β2 antibody (MAB1962, 100 µg/ml), or a control IgG (not shown) for 30 min prior to exposure to LPS (5 µg/ml) for 3 h at 37 o C. Cells were added to fibronectin-coated (50 µg/ml) polystyrene plates for 1 h at 37 o C.
Non-adherent cells were washed from the plates and the remaining adherent cells were quantified by using the colorimetric-type assay. Data are presented as mean ± SD (n = 4). Note cells (6 X 10 7 cells/ml) were electroporated with the human α5 promoter, pα5(-938bp)LUC, washed, pooled, and aliquoted into 24 well plates. Cells were treated with or without LPS (5 µg/ml) for 3 or 20 h at 37° C and 5% CO 2 , followed by testing for luciferase activity as described above. Results were recorded as relative luciferase units and standardized for transfection efficiency using β-galactosidase activity. Data are presented as mean ± SD (n = 9).
Note that LPS induced maximal α5 gene transcription at 20 h (p<.001). B: U937 cells (6 X 10 7 cells/ml) were electroporated with the human α5 promoter, pα5(-938bp)LUC, washed, pooled, and aliquoted into 24 well plates. Cells were treated with media that contained LPS (5 µg/ml) or media in which the LPS was removed for 20 h at 37° C and 5% CO 2 followed by testing for luciferase activity. Light intensity was measured using a ThermoLabsystems Luminoskan Ascent microtiter plate luminometer. Results were recorded as relative luciferase units and standardized for transfection efficiency using β-galactosidase activity. Data are presented as mean ± SD (n = 9). Note that removal of LPS greatly diminishes the induction of the α5 gene transcription (p<0.001). U937 cells (6 x 10 7 cells/ml) were electroporated with the human α5 promoter, pα5(-938bp)LUC, washed, pooled, and aliquoted into 24 well plates. Cells were treated with or without LPS (5 µg/ml) for 20 h at 37° C and 5% CO 2 in the presence or absence of the PKC inhibitor Calphostin C (CC, inactive; CC*, active) followed by testing for luciferase activity.
Light intensity was measured using a plate luminometer and the results recorded as relative luciferase units and standardized for transfection efficiency using β-galactosidase activity. Data are presented as mean ± SD (n = 9). Note that active Calphostin C (CC*, 1 x 10 -7 M) completely abrogated the LPS induced α5 gene transcription (p<.001). D: U937 cells (6 x 10 7 cells/ml)
were electroporated with the human α5 promoter, pα5(-938bp)LUC, washed, pooled, and aliquoted into 24 well plates. Cells were treated with or without LPS (5 µg/ml) for 20 h at 37° C and 5% CO 2 in the presence or absence of chelerythrine chloride (1 µM) followed by testing for luciferase activity. Light intensity was measured using a plate luminometer and the results recorded as relative luciferase units and standardized for transfection efficiency using β-galactosidase activity. Data are presented as mean ± SD (n = 6). Note that chelerythrine chloride abrogated the LPS induced α5 gene transcription (p<0.001). were separated on 6% native polyacrylamide gel, gels were fixed in a 10% acid acid/10% methanol, dried, and exposed to X-ray film. Note that LPS induced more binding to NF-κB as compared to control non treated cells, the non-radiolabeled competitor NF-κB, but not mutated NF-κB oligonucleotide (50 fold molar excess), was able to compete for binding. B: U937 cells
(1 X 10 8 ) were grown in suspension at 37 o C in a 5% CO 2 incubator in the presence or absence of 5 µg/ml LPS. Cells were washed and nuclear binding proteins were extracted. Radiolabeled double-stranded AP-1 consensus oligonucleotide (50-70,000 cpm/ng) was incubated with extracted nuclear binding proteins for 30 min at room temperature. DNA-protein complexes were separated on 6% native polyacrylamide gel, gels were fixed in a 10% acid acid/10% methanol, dried, and exposed to X-ray film. Note that LPS induced slightly more binding to AP-1 as compared to control non treated cells, and that the non-radiolabeled competitor AP-1, but not mutated AP-1 oligonucleotide (50 fold molar excess), was able to compete for binding. 
